terminus, as well as the overall low stability across the Nevertheless, siRNA and miRNA precursor processing requires common, if not identical, cellular proteins. As ATP-dependent duplex unwinding is clearly a crucial step in processing of both classes of regulatory RNAs tures containing characteristic bulges and internal mismatches within the folded molecule. The mismatched (Hutvá gner and , it is reasonable to predict that the internal stability profiles of siRNA will share nucleotides and bulges are predicted to destabilize the miRNA precursor and have been shown to be important common features with the AISPs of miRNA and be important in determining the functionality of the molecule. features for efficient processing of the precursors to the mature miRNAs (Hutvá gner and .
To test this prediction, a set of siRNAs (both functional and nonfunctional) were evaluated to determine whether To look for features within the miRNA precursors that might be important for their function, a statistical analyfunctional siRNAs (1) exhibited a bias toward low internal strand stability, particularly at the 5Ј AS terminus, and sis was performed on miRNA sequences identified in C. elegans, D. melanogaster, mouse, and human, using As mechanistic and structural differences exist in the and nonfunctional categories based on the percentage of gene silencing induced by the test siRNAs. NonfuncRNAi pathways of different species, a separate analysis was performed on each group. To assess the role of tional siRNA were those that induced less than 70% gene silencing. In contrast, functional siRNAs were dedestabilizing mismatches and bulges in precursor processing, internal strand thermodynamic stabilities were fined as those molecules that induced gene knockdown of 70% or more. Under these definitions, 16 of the 37 calculated with and without mismatch and gap penalties using energy values listed in Table 1 (Freier et al., 1986) .
siRNA were found to be functional while 21 duplexes were nonfunctional. Figure 1 represents the average internal stability profiles (AISPs) derived from 87 H. sapiens ( Figure 1A ), 73
The average internal stability profile of each member of each group was then calculated. Data sets for each M. musculus ( Figure 1B) , 16 D. melanogaster ( Figure  1C) , and 96 C. elegans ( Figure 1D ) miRNAs. When the group were then averaged to obtain an AISP for functional and nonfunctional siRNAs. The average internal average internal stability of the ‫91ف‬ base miRNA precursor sequences corresponding to the mature miRNA stability profile for the 16 functional siRNAs exhibited a distinct sinusoidal pattern with a low internal strand were calculated without considering the existence of destabilizing elements (e.g., mismatches, internal bulges, stability of approximately Ϫ6.7 kcal/mol at the 5Ј AS terminus (Figure 2A , closed squares). This trend is simiand gaps, Figure 1 , gray bars), the AISP values were found to be lower by an average of Ϫ1.7 kcal/mol than lar to that observed for the miRNA precursors and indicates a comparable bias toward the instability of the 5Ј those computed for a collection of 19-mer RNA duplexes generated randomly (data not shown). Interestingly AS termini in both groups. In contrast, the group of 21 nonfunctional siRNAs exhibited a markedly different enough, the average internal stability profile was dramatically reduced at all positions (in all species) when profile in which the average stability of the 5Ј AS terminus was increased to Ϫ9 kcal/mol (Figure 2A , open energy calculations included penalties for the presence of mismatches, internal bulges, and gaps (Figure 1,  squares) . Most of the siRNAs in Figure 2A were designed using black bars). On an average, AISP values measured 2.5 kcal/mol lower when energy penalties for the presence AA(N 19 ) rule (Elbashir et al., 2002) and may have some bias in the target site selection. To eliminate any seof destabilizing elements were included in calculations. In every case, the most profound effect was observed quence bias and simultaneously determine whether the observed thermodynamic trends could be extended to for the first base pair of the 5Ј AS terminus, where the average internal stability was reduced by ‫4ف‬ kcal/mol a wider group of molecules, a panel of 180 independently derived siRNAs targeting every other position of an arbifrom Ϫ7.5 kcal/mol to Ϫ3.5 kcal/mol (see position 1). One possible explanation for observed low AISP at the 5Ј trarily chosen 199 bp regions of the firefly luciferase and human cyclophilin genes were synthesized and as-AS termini is that the presence of destabilizing elements within the pre-miRNA hairpin precursors is required to sessed for silencing activity in tissue culture. Based on their in vivo performance, siRNAs were then divided into facilitate the unwinding and eventual strand processing events that are essential for the RNAi process. This data three groups: (1) siRNAs that induced more than 90% gene silencing (total 53), (2) siRNAs that induced less suggests that reduced internal stability of the 5Ј AS than 50% gene silencing (total 42), and (3) the remaining In addition to the termini, major stability differences are observed at other positions within the duplex of sequences in the collection. As was observed previously, the internal stability profiles for functional and functional and nonfunctional siRNA. At positions 9-14 (counting from the 5Ј-AS end), the functional siRNA subnonfunctional subgroups appeared distinctly different, with functional siRNAs (group 1) exhibiting instability at set is enriched with molecules that have low internal stability ( Figure 2B ). In contrast, the nonfunctional subthe 5Ј AS ( Figure 2B) . Moreover, an analysis that made comparisons between the top 10% (or 20%) with the set is enriched with members that have high internal stability in this region. On average, the differential stabilbottom 10% (or 20%), respectively, did not significantly alter the resulting AISPs, thus demonstrating that the ity of the two sets in this region is ⌬G ‫6.1ف‬ kcal/mol and significant. We hypothesize that because the target initial numerical boundaries used to define functional and nonfunctional subgroups can be adjusted withmRNA is cleaved between position 9 and 10 from the 5Ј end of the anti-sense strand, additional flexibility in out significantly changing the AISP profile (see Figure  S1 online at http://www.cell.com/cgi/content/full/115/2/ this region might be important for target cleavage and/ or release of the products upon the cleavage by the 209/DC1).
The differential internal stability profiles were then RISC-associated endonuclease, leading to the regeneration of RISC*. compared between functional and nonfunctional subgroups of the whole siRNA panel consisting of 217 memThe observed trend in functional siRNA stability profiles suggests that these thermodynamic features play bers. When the average difference between 5Ј-AS and 5Ј-S values were plotted for both functional and nonan important role in RNA interference, possibly promoting efficient entry and recognition by RISC. A logical functional subgroups, it became clear that (on average) the 5Ј AS region is less stable than the 5Ј S terminus in extension of this hypothesis is that siRNA molecules lacking these properties would be selected against and functional siRNAs and that an opposite trend (i.e., the 5Ј-S end is more stable than 5Ј AS) was characteristic of eventually degraded in an RNase-rich intracellular environment. If this were the case, one would predict that nonfunctional molecules ( Figure 2C ). As the calculated p value is 0.0123 (standard t-test), the observed distribuafter introduction of long dsRNAs into a cell's cytoplasm, only those siRNAs that share the predescribed profile tion is nonrandom and likely identifies a critical parameter in siRNA processing, possibly predefining the selecof functional siRNA would survive and be identified at later times. Moreover, one would further speculate that tive strand entry into the RISC complex. it is the profile that determines whether an siRNA is the GFP sequence), thus suggesting that siRNAs with the functional profiles are retained independently of the retained rather than the functionality of the molecule. Thus, siRNA having the proper profile on either the sense presence or absence of a target mRNAs. Together, these data demonstrate that (1) the low internal stability of or anti-sense strand should be preserved if the key factor for intracellular retention is the thermodynamic prothe 5Ј terminus of the anti-sense strand, as well as a decreased thermodynamic stability in the region of 10-file and not the presence of the mRNA target sequence. To address this question, we analyzed the internal stabil-14, appear to be a common feature shared by both functional siRNAs and naturally occurring precursor/ ity profiles of siRNA molecules generated by introduction of long dsRNAs into Nicotiana benthamiana. Specifmature miRNAs found in different organisms, and (2) that natural selection of siRNA is not based solely on ically, in work described by Llave et al. (2002), plant leaves were infiltrated with Agrobacterium tumefaciens function but, rather, surviving siRNAs are retained on the basis of the thermodynamic properties of the molecule. containing expression cassettes for transcripts corresponding to the intron-spliced, inverted-repeat form of the GFP sequence. Subsequently, 59 short, doubleSpecific Thermodynamic Profiles of siRNA Correlate Well with the Functionality stranded RNAs having homology to GFP were reisolated from the plant tissue. We determined the AISP values Given that siRNAs and miRNAs share common internal stability signatures, we extended the analysis to assess for all 59 sequences. The data were then examined, ignoring the conventions of sense and anti-sense polarwhether these features, present individually or together, could be useful for predicting silencing efficiency. To ity, and averaged to generate a single profile for the entire family that could be compared with the AISP of evaluate the putative role of the 5Ј-AS end instability in silencing, ten siRNAs targeting human secreted alkaline functional siRNA. As shown in Figure 2D when the data were analyzed by these means, the profile of surviving phosphatase (SEAP; NM_001632) were randomly designed disregarding their thermodynamic properties, and GFP siRNA traces the pattern observed in previously studied, functional siRNA. The 5Ј terminus exhibits their activity was assessed in HEK293 cells cotransfected with a SEAP reporter ( Figure 3A) . Of the ten siRNAs heightened instability compared to the 3Ј terminus, and the region between 9-14 demonstrates additional flexi-(SEAP-68, -147, -155, -206, -500, -812, -923, -1113, -1117, and -1271), three induced 70% or greater reducbility compared to the rest of the molecule. It should be emphasized that in this analysis, ‫%05ف‬ of surviving tion in SEAP expression while seven siRNAs were considered inactive or inefficient with less than 70% target siRNAs were aligned with the sense strand (relative to reduction ( Figure 3A) . Figures 3B and 3C illustrate the siRNAs (SEAP-309, -1035, -1795, and -217) contained a low internal stability at the 5Ј-AS terminal position and internal stability profiles calculated for the functional and nonfunctional siRNAs. As expected, all three functional exhibited an average internal stability at positions 9-14 that was lower than Ϫ8.5 kcal/mol. In addition, to detersiRNAs exhibited a low internal stability profile of the 5Ј-AS strand, especially at the terminal position, consismine whether the low internal stability at the 5ЈϪAS end was sufficient to confer functionality, two additional tent with the characteristic profile observed for miRNAs. Among the seven nonfunctional duplexes, six had highly siRNAs (SEAP-1070 and SEAP-1260) were synthesized. SEAP-1070 has an internal stability of approximately stable 5Ј-AS ends matched with a highly variable internal stability profile throughout the rest of the molecule. In-Ϫ13 kcal/mol at the 9-14 nt region, a value that is high compared to the miRNAs and functional siRNAs studied terestingly, one of the nonfunctional siRNAs (SP-206) exhibited relatively low internal stability at the 5Ј AS thus far. However, the 5Ј-AS terminal internal stability of SEAP-1070 was low (Ϫ6.5 kcal/mol), thus enabling terminus but reduced SEAP expression by only 51% ( Figure 3C ; gray squares). This finding indicates that low distinction between the contributions made by the 9-14 region and the 5Ј AS. In contrast, SEAP-1260 has high internal strand stability at the 5Ј-AS end is important for activity, but other factors likely contribute to siRNA funcinternal stability at both the 5Ј AS and region 10-14 and should, according to our predictions, be nonfunctional. tionality.
Next, several siRNAs containing acceptable thermoAs shown in Figure 3D , all four of the siRNAs designed to satisfy both thermodynamic signatures were functional, dynamic signatures were identified. Specifically, all four reducing SEAP protein expression by more than 85%.
cur, a 5Ј-phosphate group must be present on the AS strand (Martinez et al., 2002; Nykanen et al., 2001). The In contrast, both SEAP-1070 and SEAP-1260, siRNAs
biased asymmetric opening of the siRNA molecule by that lacked conformity at either the 9-14 nt region or RISC may enable strand selectivity, possibly through the 5Ј-AS position and the 9-14 nt region, induced less interactions with newly freed 5Ј phosphate on the antithan 70% gene silencing. sense strand. Alternatively, the RISC may choose the These results indicate that the enhanced flexibility at strand based on backbone polarity: 5Ј→3Ј, as opposed the 5Ј-AS terminal position and the low internal energy to 3Ј→5Ј. Thus, the bias in the thermodynamic profile across the duplex (especially at the region 9-14) are would eventually determine which end of the molecule strongly correlated with siRNA function. However, it is is selected for preferential unwinding and which strand also evident that while these properties may be required, will be retained by RISC. Indeed, it has been demonthey are not sufficient for silencing activity (as suggested strated in in vitro studies that both the absolute and by the single outlier found within the ten randomly serelative stabilities of the base pairs at the 5Ј ends of the lected SEAP siRNAs). Evaluation of the thermodynamic two siRNA strands determines the degree to which each stability alone for this nonfunctional siRNA would have strand participates in the RNAi pathway ( cules. Interestingly, half of these siRNAs retained sense chemical modifications), which will alter the internal stapolarity to the target mRNA, indicating that their siRNA bility profiles to resemble the desirable one, might be a duplexes had less stable 5Ј S termini. Not only does this means for optimization of siRNA activity. observation validate the importance of using thermodyThe apparent differential internal stability signature of namic signatures to identify RISC substrates, but it also functionally active siRNAs/miRNAs is likely to play an further implies that it is the thermodynamic profile of important role in several steps of the RNAi pathway, the molecule and not the functionality of the siRNA per including duplex unwinding, strand selection, and prodse that determines whether it will be preserved within uct release. For unwinding to occur efficiently, doublea cell. stranded duplexes need to be destabilized either by Once RISC* is formed, it should have multiple turnover structural elements inherent in the sequence or by low of the target to have effective gene silencing, an event internal stability of the sequence itself. In miRNAs, these that requires the dissociation of the target molecule after destabilizing elements come in the form of base pair cleavage at a position opposite the center of the antimismatches, gaps, and bulges. In contrast, in siRNAs sense "guide." The observed low overall internal stability either generated naturally from long double-stranded of functional siRNAs, especially spanning the cleavage RNAs or obtained synthetically, such structural eleregion (9-14 nt) may facilitate product release, thus ments do not exist, thus prompting the need of other allowing the RISC* to find a second substrate. Alternafactors to reduce the internal stability at key positions tively, flexibility in this region may play a critical role in within the molecule.
RISC complex function, specifically enabling the most Initially, siRNAs form a precomplex with RISC compofavorable conformation during mRNA cleavage. nents. A priori, such precomplexes could form at either As has been demonstrated (Jackson et al., 2003; Saxterminus (5Ј S or 5Ј AS) with an equal probability to ena et al., 2003), intracellular siRNA activity may not initiate unwinding of the duplex by a helix associated be as specific as it was originally thought. One of the with RISC (Figure 4) . If the 5Ј AS terminus has enhanced possible contributions for "off-target" effects may stem flexibility, as in miRNAs and functional siRNAs, it is likely from the sense strand entering into the RISC, which that helicase activity would be biased toward unwinding could be potentially blocked by choosing siRNAs with the more unstable 5Ј AS terminus. As the two strands high internal stability at the 5Ј end of the sense strand unwind, RISC has the ability to keep either strand associor by chemical modifications of this end to prevent RISC ated with it. As shown here, thermodynamic profiles of association (e.g., capping the 5Ј end of the sense strand miRNAs and siRNAs isolated from plant cells revealed to prevent intracellular phosphorylation). Detailed unthat the strand having the low internal stability at the derstanding of the molecular mechanism of RNAi as well 5Ј end is retained within the RISC. It has also been as the nature of the key protein players and their specific roles within the RISC would expect to reveal possible demonstrated that for effective RNA interference to oc- 115, 125, 127, 133, 135, 139, 143, 145, 147, 149, 151, 153, 155, 157,  159, 161, 167, 169 , 171, and 173; and human cyclophilin: 5, 27, 35, Inc., Plymouth, MN) was used for calculations of internal stability profiles using the free energy values in Table 1 
